This work undertakes both simulation and experimental studies of a new design of a photovoltaic thermal solar air collector (PV/T). In order to improve the thermal and electrical performances for a specific application, the analytical expressions for thermal parameters and efficiency are derived by developing an energy balance equation for each component of the PV/T air collector. This type of hybrid collector can be applied in the facades of buildings. The electricity and heat produced will satisfy the energy needs of the buildings, while ensuring an aesthetic view of its facades. A typical prototype was designed, constructed, and implemented in the applied research unit on renewable energies in Ghardaia, situated in the south of Algeria. This region has semiarid characteristics. Results obtained by an experimental test are presented and compared to those predicted through simulation. Results include the temperature of each component of the PV/T collector and air temperature at the inlet and outlet of the channel. It has been found that the theoretical results predicted by the developed mathematical model, for instance, outlet temperature, agree with those found through experimental work.
Introduction
Hybrid photovoltaic thermal (PV/T) collectors convert solar energy both into electrical and thermal energy. This conversion allows firstly the cooling of the solar cells and secondly the exploitation of the resulting heat energy to heat water or space. Applications of hybrid collectors in habitations are beneficial from a space-saving perspective. In fact, instead of separately using photovoltaic modules for electricity and solar thermal energy for heat, hybrid collectors are used for the same surface. In the literature, there are several studies on hybrid sensors applied in the habitat [1] [2] [3] [4] [5] . The most important thing in air hybrid sensors is to have the highest air outlet temperature compared to the input air temperature. To have that, several techniques are possible. They can be classified globally in two techniques. The first concerns the use of new coolant materials or the use of phase change materials [6] [7] [8] . The second technique is the design of the absorber [9] [10] [11] . In this article we are interested in the second technique of optimization of the absorber.
Work on hybrid collectors has been carried out in recent years [12] [13] [14] [15] .
Farshchimonfared et al. [16] studied a hybrid PV/T air collector related to an air distribution system. The aim was to optimize the channel depth. He found that increases in optimum depth were related to an increase of the collector area. The integration of photovoltaic thermal solar collectors in a building is increasingly becoming an option of first choice. A photovoltaic/thermal integrated collector in a building is able to generate higher energy output per collector unit area compared to conventional solar panels. A hybrid PV/T offers the same advantages as a photovoltaic PV collector, but in addition, it offers a look that is more aesthetic than side-by-side photovoltaic modules and solar thermal collectors and generally produces more energy for the same surface area [17] . A PV/T air collector integrated to buildings can be an outer layer that creates a building envelope which is double layered. Due to the heat source-generated sound, their thermal characteristic is different from that of the usual wall [18] .
In this paper, numerical simulation and experimental validation of a photovoltaic thermal PV/T solar air collector are conducted. The application of this sensor is conducted in a semiarid climate in the south of Algeria where the very high temperature negatively affects the efficiency of solar cells. The evacuation of the solar cells' heat causes their cooling which allows the photovoltaic sensor to perform well. The modeling of the heat transfer in the PV/T air collector is performed to 1D for a transitional regime according to a node approach. A numerical code was developed and used to analyze the thermal behavior as well as the thermal, electrical, and global electrical efficiency. Then, an experimental prototype of the PV/T air collector was set up. The PV/T air collector temperatures, as well as air inlet and outlet temperatures, were measured over a period of a day during the month of June and November and were compared with PV/T air collector model predictions.
Theoretical Study
The designed photovoltaic/thermal air collector studied in this work is shown in Figure 1 . The PV/T air collector is composed of a photovoltaic module which consists of arrays of monocrystalline circular silicon cells covered with highly transmitting glass. These cell arrays are interposed on an adhesive layer made of Tedlar having good thermal conductivity and poor electrical conductivity. The photovoltaic module is to be mounted on a metal plate painted in black to increase the absorption of the incident solar radiation falling upon an absorbing plate equipped with rectangular fins which serve as channels for air circulation. The circulation of the air in the fins collects the generated heat, and a useful amount of thermal energy is extracted by removing hot air from one end of the duct leaving the cold fluid to enter at the other end. The bottom of the sheath is covered with good insulation to minimize heat loss to the ambient temperature.
The thermal energy balance equations for the different nodes of the system is shown in Figure 1 .
The heat balance which describes the thermal behavior of the PV/T air collector can be written in the form of first order ordinary differential equations and are given for the following essential elements of the hybrid PV/T air collector:
(1) For glass
where 
The solar cell efficiency depends on the cell temperature and is given by [19] η 
where η p is the total efficiency of the absorbing upper plate end and η f is the fin efficiency [1, 20] .
where
The temporal variation of the components of the collector of heat is low, thus m cpdT /dt can be ignored. We can safely assume a quasistationary operation of the collector. This simplification of the equation suggests that only solar radiation has a significant effect.
By eliminating T p and T b , (11) becomes
If C 1 and C 2 are constants obtained from the performed algebraic calculations, the solution of the equation is
and the outlet temperature of the air is
In the above equations, radiation and convective heat transfer coefficients are calculated using the relationships as reported in [21] [22] [23] .
The wind convection heat-transfer coefficient h The radiation heat transfer coefficient between the glass cover and the sky is given by the following relationship:
The equivalent sky temperature is calculated by the following simple correlation equation:
The radiation heat transfer coefficient between the glass cover and the PV panel is given by the following relationship:
The radiation heat transfer coefficient between the PV panel and the Tedlar layer is given by the following relationship:
The radiation heat transfer coefficient between the upper plate and the Tedlar layer is given by the following relationship:
The radiation heat transfer coefficient between the upper plate and the lower plate is given by the following relationship:
The radiation heat transfer coefficient between the lower plate and the insulation is given by the following relationship:
The conduction heat transfer coefficient is given by the following relationship:
The convection heat transfer coefficient of the fluid is given by the following relationship:
where Re is the Reynolds number
where D h is the hydraulic diameter.
For the rectangular channel
The thermal efficiency of photovoltaic solar collector is calculated by the following relationship [24, 25] :
The global efficiency of the photovoltaic thermal collector is defined as the sum of all thermal efficiency and electrical efficiency:
Numerical Simulation
It is obvious from the theoretical model given above that a numerical solution can be calculated for the temperatures T g , T c , T p , T b , T in , and T f as most of the heat transfer coefficients are functions of these temperatures. Therefore, an iterative numerical method based on Runge-Kutta method is used. Indeed, a program was written in Fortran 90 in order to find the values of the temperatures of the PV/T air collector, as well as the values of the thermal and electrical efficiency. This program is summarized by the flowchart presented in Figure 2 . Furthermore, the solar PV/T air collector dimensions and properties of working fluids, as well as the operating conditions, are also needed. System properties and operating conditions which are employed in this study are tabulated in Table 1 . The following physical properties of air are assumed to vary linearly with temperature owing to the low temperature range that can be encountered [20, 23] : Equation (17) was used to calculate the outlet temperature of the hybrid PV/T air collector. The adopted mass flow rate values are equal to 0.01 kg/s, 0.02 kg/s, and 0.04 kg/s. Figure 4 displays the hourly variation of the fluid temperature at the outlet for different mass flow rates. It can be observed from this figure that maximal temperatures occurred at 43°C, 38.5°C, and 34°C for the respective mass flow rates of 0.01 kg/s, 0.02 kg/s, and 0.04 kg/s. It can be inferred that these temperatures vary with solar radiation intensity. Figure 5 displays the influence of the channel length on the outlet air temperature at constant channel width and mass flow rate being equal to 0.04 kg/s. It is observed that the outlet air temperature increases with an increase in the channel length. The increased outlet air temperature is due to the increase in the heat exchange area which results in a decrease in air velocity; hence, a low heat transfer coefficient is favorable.
The effect of channel length on thermal, electrical, and global efficiency in the case of a fluid with a mass flow rate equal to 0.04 kg/s and a channel depth equal to 0.1 m is graphed in Figure 6 .
It is observed that the thermal efficiency increases with an increase in channel length, while the electrical output decreases with an increase in channel length. The decrease in electrical efficiency is due to the increased PV temperature.
Experimental Validation
In Figure 7 , a prototype of the hybrid photovoltaic thermal air collector is shown. It has a south orientation and is tilted at an angle equal to that of the site where it is installed, in this case 32.49°in the south of Algeria (Ghardaia) to maximize the intensity of the solar radiation that falls on it. The PV/T air collector was made with a monocrystalline PV module of 40 W, with a 0.5 m surface area and an air layer of 0.1 m for collecting hot air. Instrumentation devices are installed to measure the data relating to the thermal and electrical performances of the PV/T air collector.
A type k thermoelectric device for measuring temperature is used to measure the temperature of each component of the PV/T air collector. Each thermocouple is placed on the surface of each element of the PV/T collector and photovoltaic module. A current and voltage sensor has been installed for measuring the electrical performance. A data- Test standards such as that of ASHRE are used mainly for the determination of instantaneous thermal efficiency. Figure 8 displays the hourly variation of the inlet and outlet air temperatures for the day 15 June 2014. Figure 9 displays the variation of temperature elements of the PV/T air collector.
It is clearly noticed that the temperature of each constituent element of the PV/T collector reaches it maximum value at noon of the day. This is obviously due to the considerable amount of solar radiation incident on the PV/T at this time, which results in a high-rate absorption of solar radiation by the PV/T collector. However, it should be noted that each element reaches its maximum value depending on its location in the system and its physical characteristics. The temperatures of the front part of the PV/T collector and the upper plate have higher values when compared to the other elements of the PV/T collector. The temperature reaches 60°C at noon of the day for the front of the collector and 50°C for the upper plate, while the temperature of the other components do not exceed 45°C in the same period.
We notice that a temperature difference in the range of about 9°C is achieved between the inlet and outlet during the time interval ranging between 10 and 14 hours. This is explained as follows. Because of the increase in the temperature of the upper plate that is bonded to the PV module, International Journal of Photoenergy the upper plate absorbs the heat generated by the PV module. When the air flows naturally through the channel, a convective exchange occurs between the lower and upper plates with air, and the air takes the heat generated by the two plates which increases their temperature at the outlet of PV/T air collector. Figure 10 shows the current-voltage characteristic curves obtained by the experimental tests in the morning and evening for the two collectors, that is, the photovoltaic module and the hybrid PV/T air collector. The results showed that for the same surface of the PV and PV/T collector, there is an increase of 7 to 30% of the current intensity of the hybrid PV/T relative to the photovoltaic module.
In Figure 11 , the comparison between the results obtained by experimental numerical modeling of the air temperature at the outlet of the PV/T air collector is presented. Polynomial interpolation is implemented to approximate the experimental results. The approximation curve is expressed by (35) The coefficient of determination (R 2 ) is the key parameter which serves as the basis of comparison between the simulated and experimental results of the fluid outlet temperatures. The correlation coefficient (R 2 ) has been evaluated by using the following expression [25] :
Data acquisition PVT air collector PV module Figure 7 : Photo of the experimental prototype. 
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The correlation coefficient (R 2 ) is an indicator for judging the quality of a linear regression, either single or multiple, at a value between 0 and 1. We found that the R 2 value is equal to 0.7, in we find this value acceptable.
We did not study the effect of pressure on electrical and thermal efficiencies. We consider that the temperature is too low for there to be an influence of the pressure on the heat transfer and consequently on the efficiency of the collector.
Conclusion
In this work, a hybrid PV/T system was investigated, modeled, constructed, and tested. It was found that by combining a PV module with an air collector, the electrical performances are noticeably enhanced. The resulting thermal energy can be exploited to achieve thermal comfort in a building. A mathematical model based on energy balance was developed. Simulation results of this model obtained by using FORTRAN 90 programming language are plotted. The temperatures in the inlet and outlet are monitored and recorded. It was found that the temperature at outlet is higher than the temperature at the inlet, which suggests that a heat exchange has taken place and this is the reason for the improvement of the PV module performances.
The results found through simulation were compared to those found experimentally. Their comparison does show good agreement. This agreement is more pronounced in the case of the inlet and outlet fluid temperatures.
In conclusion, the combination of the PV module with the thermal collector would enhance the electrical performances of the PV module and the resulting thermal energy can be used for other purposes, for instance, to achieve thermal comfort in a building when this combination is wall integrated. In other applications, when water is used instead of air, the heated water can be used for sanitary purposes.
As a future work to further improve the performances of such systems, the PV module is to be replaced by a highefficiency PV module and a reflector is used to concentrate solar radiation upon it. 
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